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ABSTRACT: Heme and non-heme iron in biology mediate the storage/release of NO• from S-nitrosothiols as a means to control the 

biological concentration of NO•. Despite their importance in many physiological processes, the mechanisms of N-S bond for-

mation/cleavage at Fe centers have been controversial. Herein, we report the interconversion of NO• and S-nitrosothiols mediated by 

FeII/FeIII chloride complexes. The reaction of two equivalents of S-nitrosothiol (Ph3CSNO) with [Cl6FeII
2]

2− results in facile release 

of NO• and formation of iron(III) halothiolate. Detailed spectroscopic studies, including in situ UV-vis, IR, and Mössbauer spectros-

copy, support the interaction of the S−atom with the FeII center. This is in contrast to the proposed mechanism of NO• release from 

the well-studied “red product” 1-N bound S-nitrosothiol FeII complex, [(CN)5Fe(1-N-RSNO)]3−. Additionally, FeIII chloride can 

mediate NO• storage through the formation of S-nitrosothiols. Treatment of iron(III) halothiolate with two equivalents of NO• regen-

erates Ph3CSNO with the FeII source trapped as the S = 3/2 {FeNO}7 species [Cl3FeNO]−, which is inert towards further coordination 

and activation of S-nitrosothiols. Our work demonstrates how labile iron can mediate the interconversion of NO•/thiolate and S-

nitrosothiol, which has important implications for how Nature manages the biological concentration of free NO•.

INTRODUCTION  

Nitric oxide (NO•) is a crucial secondary signaling molecule 

responsible for the regulation of a range of biological processes, 

including immune response, smooth muscle relaxation, and 

neurotransmission.1 However, NO• has a short lifetime in vivo 

and quickly reacts with the bio-available oxygen and superox-

ide, forming reactive oxygen and reactive nitrogen species.2 To 

mitigate the formation of these reactive species, Nature has de-

veloped specific regulatory strategies that store NO• as air-sta-

ble S-nitrosothiols (RSNOs).3 RSNOs can also serve as signal-

ing molecules to participate in the S-nitrosation of proteins, 

which is a precisely regulated post-translational modification. 

Dysregulation of RSNO homeostasis has been linked to several 

diseases, such as Alzheimer’s disease and Parkinson’s disease, 

cancer, diabetes, etc..4,5  

Formation of S-nitrosothiols from free NO• and thiol requires 

one-electron oxidation, which can be facilitated by the single-

electron accepting abilities of FeIII or CuII. Conversely, FeII and 

CuI can act as one-electron reducing agents to promote the re-

lease of NO• from S-nitrosothiols via cleavage of the S-N 

bond.3,6–9 Several biological iron centers have been implicated 

in RSNO decomposition/formation. For example, heme-iron 

proteins, such as cytochrome c, are responsible for the coupling 

of NO• and low-mass thiols to RSNOs, i.e., S-nitrosoglutathione 

(GSNO) or S-nitroso-L-cysteine (CysSNO).4 In addition to en-

zymatic heme-iron centers, exposure of NO• to intracellular la-

bile iron has been associated with increased levels of protein S-

nitrosation with simultaneous formation of dinitrosyl iron com-

plexes (DNICs).10,11 Moreover, the release of NO• from the 

blood pressure medication sodium nitroprusside (SNP) 

[Na]2[Fe(CN)5(NO)] is thought to proceed through the decom-

position of an iron(II) S-nitrosothiol adduct, [Fe(CN)5(1-N-

RSNO)]3−, known as the “red product”.12,13  

Despite the importance of iron centers in facilitating the for-

mation/decomposition of S-nitrosothiols, the discrete molecular 

mechanisms of N-S bond formation/cleavage at iron sites re-

main controversial. For example, two mechanisms have been 

proposed for S-nitrosothiol formation at heme-iron sites. The 

first involves nucleophilic attack of an iron nitrosyl {FeNO}6 

species by a thiolate (Scheme 1, top), whereas the second in-

vokes an FeIII–thiolate intermediate undergoing further reaction 

with free NO• (Scheme 1, bottom).14,15 Despite the structural 

characterization of S-nitrosated heme-iron proteins,16 spectro-

scopic support for both mechanisms exists.16–18 

 

Significant research efforts have also been devoted to under-

standing the binding mode of S-nitrosothiols to Fe centers (1-

N vs. 1-S) during NO• release from SNP (Scheme 2). Spectro-

scopic studies suggest that the “red-product” [Fe(CN)5(1-N-

RSNO)]3− extrudes a thiyl (RS•) radical to form a 

[(CN)5FeNO]3− complex ({FeNO}7) which then releases free 

NO•.19,20 However, both experimental8,21,22 and computa-

tional23,24 studies have demonstrated the thiyl radical (RS•) ex-

pulsion process in Scheme 2 should be unfavorable since 1-N 

coordination of S-nitrosothiols strengthens the S-N bond 

(Scheme 3). Furthermore, the currently proposed mechanism 

does not explain the rapid vasodilatory effect of SNP, given the 

slow rate of NO• liberation from the {FeNO}7 [(CN)5FeNO]3− 

(k = 5.0 x 10−5 s−1, Scheme 2).25  
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As the debate for the mechanisms of S-nitrosothiol formation 

and decomposition at iron sites continue, the mechanism of 

RSNO formation mediated by the labile iron pool (LIP) also 

remains ambiguous. Iron within the LIP is present in both 

FeII/FeIII oxidation states and can be coordinated by various 

weak field ligands to form high-spin FeII/FeIII complexes.10,26–29 

While Kim and Lippard have investigated the reactivity of NO• 

with synthetic iron-sulfur clusters30–33 and iron(II) thiolates,34–37 

other simple FeII/FeIII coordination complexes relevant to the 

LIP and NO•/S-nitrosothiol interconversion still warrant contin-

ued investigation. 

 

Herein, we employ FeII/FeIII chloride complexes as simpli-

fied models for LIP to investigate the potential roles of FeII/FeIII 

in RSNO formation/decomposition. We demonstrate that reac-

tion of RSNO with FeII chloride complexes leads to the facile 

release of NO• from RSNO (Scheme 4). Spectroscopic studies 

suggest that the FeII center interacts with the S-atom before its 

conversion to iron(III)–halothiolate and NO•. The NO• release 

from RSNO is reversible, and in the presence of an additional 

equivalent of NO•, the iron(III)–halothiolate captures NO• to af-

ford RSNO. The FeII chloride by-product is trapped by a second 

equivalent of NO• to form stable {FeNO}7 complexes that are 

inert toward catalytic decomposition of RSNO. This unique 

property of high-spin iron complexes may be a strategy Nature 

employs to reversibly regulate the bio-availability of free nitric 

oxide. 

 

RESULTS AND DISCUSSION 

Reactivity of FeII chloride with S-nitrosothiols. We began 

our investigation by preparing an iron(II) halide complex solu-

ble in aprotic solvents. Treatment of PPNCl (PPN = bis(tri-

phenylphosphine)iminium) with FeIICl2 in acetone affords 

PPN2[FeII
2Cl6]. The spectroscopic characterizations of the 

PPN2[FeII
2Cl6] complex match those reported in the literature.38 

The analogous TBA salt of iron(II) trichloride was isolated as 

colorless crystals by the addition of TBACl (TBA = 

tetrabutylammonium) to FeIICl2. Single-crystal X-ray diffrac-

tion analysis indicates that the FeII centers exist in two types of 

coordination environments, as [FeII
2Cl6]

2− and monomeric 

[Cl3FeII(H2O)]− (Figure S26). Next, we monitored the reaction 

of [FeII
2Cl6]

2− with Ph3CSNO with UV-vis spectroscopy at low 

temperature. The structural difference between the PPN and 

TBA salts of the FeII chlorides in the solid-state does not impact 

their reactivity with S-nitrosothiols (Figures S7, S8). Addition 

of two equivalents of Ph3CSNO to [FeII
2Cl6]

2− in a 1:1 mixture 

of THF and MeCN at −50 °C affords a dark brown complex 

with UV-vis absorption bands at 520 nm (ε = 1000 M−1 cm−1) 

and 630 nm (ε = 970 M−1 cm−1) (Figure 1, brown trace), which 

slowly converts to a green species at room temperature with ab-

sorbances at 365 nm (ε = 1080 M−1 cm−1), 480 nm (ε = 410 M−1 

cm−1), and 660 nm (ε = 320 M−1 cm−1) (Figure 1, green trace). 

The final green complex was identified as S = 3/2 

TBA[Cl3FeNO], which can be independently synthesized by 

treatment of [FeII
2Cl6]

2− with NO• (Figure S4).39 Based on the 

absorptivity of [Cl3FeNO]−, the yield of TBA[Cl3FeNO] was 

approximately quantitative. The [Cl3FeNO]− anion was ob-

served first by Kohlschütter,40 and structurally characterized by 

Van Eldik41, Beck,42 and Klüfers.39 The S = 3/2 spin state of 

[Cl3FeNO]− was established recently based on SQUID meas-

urement39 and our Evans method study (see supporting infor-

mation). The [Cl3FeNO]− complex is remarkably stable to oxy-

gen and moisture, and no decomposition of PPN[Cl3FeNO] 

solid was observed even after storage under ambient conditions 

for several days.  

Two possible mechanisms could explain the formation of 

[Cl3FeNO]− (Scheme 5). Based on the proposed mechanism of 

NO• release from SNP (Scheme 2), one could envision coordi-

nation of Ph3CSNO to the FeII center to form a FeII 1-N S-ni-

trosothiol adduct, followed by thiyl radical extrusion to afford 

[Cl3FeNO]− (Mechanism A, Scheme 5 top). However, Mecha-

nism A contradicts the chemical reactivity of metal S-nitro-

sothiols described in Scheme 3.8,21,22 Therefore, an alternative 

mechanism in which the FeII center interacts with the S-atom 

warrants consideration (Mechanism B, Scheme 5 bottom). In 

this case, NO• is released from [Cl3Fe(1-S-Ph3CSNO)]− then 

recaptured by [FeII
2Cl6]

2− generated from the decomposition of 

 

 
Figure 1. In situ UV-vis spectra of the treatment of [Fe2Cl6]

2− with two 

equivalents of Ph3CSNO at −50 °C
 
in 1:1 THF/CH3CN (0.5 mM). The 

brown intermediate [Cl3Fe(SCPh3)]
− was eventually converted to 

[Cl3FeNO]− (green trace).  
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[Cl3FeIII-SCPh3]
−. The key difference between these two mech-

anisms is the identity of the brown intermediate prior to the for-

mation of [Cl3FeNO]− (highlighted in gray, Scheme 5). In 

Mechanism A, the brown intermediate should be [Cl3Fe(1-N-

Ph3CSNO)]−, while for Mechanism B it should be either 

[Cl3Fe(1-S-Ph3CSNO)]− or [Cl3FeIII-SCPh3]
−. 

 

Characterization of the FeIII halothiolate intermediate. 

To further discern the two proposed mechanisms, we set out to 

identify the initial brown intermediate that absorbs at 520 nm 

and 630 nm. Anticipating it might be the iron(III)–halothiolate 

[Cl3FeIII-SCPh3]
−, we attempted to generate it from an inde-

pendent reaction between TBA[Cl4FeIII] and NaSCPh3. As 

shown in Figure 2, the in situ UV-vis spectrum of the reaction 

of TBA[Cl4FeIII] with one equivalent of NaSCPh3 in 

MeCN/THF (red trace) shows a good match with the brown in-

termediate. Further, the reaction between FeCl3 and 

TBA(SCPh3) leads to the formation of the same spectrum, al-

beit at a lower spectroscopic yield (Figure S10). In addition, the 

predicted UV-vis spectrum of [Cl3FeIII-SCPh3]
− by time-de-

pendent density functional theory (TD-DFT) at the 

TPSSh/def2-TZVP level correlates well with the experimental 

data (Figure S26). Unfortunately, we were unable to structur-

ally characterize the putative [Cl3FeIII-SCPh3]
− due to 

complicated ligand scrambling that generates other [ClxFeIII-

(SCPh3)4−x]
− (x = 1, 2, 3, 4) as well as decomposition of 

[Cl3FeIII-SCPh3]
− to Ph3CS-SCPh3 and [FeII

2Cl6]
2− (see support-

ing information). Titration experiments of NaSCPh3 into 

TBA[Cl4FeIII], and TBA(SCPh3) into FeCl3 at −40 °C  show 

formation of multiple species from a 1:1 to 4:1 thiolate to FeIII  

ratio (Figures S11, S12). Regardless of molecular connectivity, 

the ratio of Cl−: FeIII: Ph3CS− remains as 3:1:1 under the exper-

imental conditions employed; therefore, we will refer to the col-

lective products of Cl3FeIII and Ph3CS− as [Cl3FeIII-SCPh3]
− for 

simplicity.  

Analysis of the brown intermediate with Mössbauer spectros-

copy further supports its assignment as an FeIII thiolate species. 

Independent generation of [Cl3
57FeIII(SCPh3)]

− from the reac-

tion between TBA[Cl4
57FeIII] and one equivalent of NaSCPh3 

displays a Mössbauer spectrum similar to that produced from 

the reaction between TBA2[Cl6
57FeII

2] and two equivalents of 

Ph3CSNO (See supporting information, Figures S18, S19). 

Both spectra display peaks corresponding to two major spe-

cies–the first one (ca. 40%) exhibiting isomer shift and quadru-

pole splitting values identical to that of TBA2[Cl6
57FeII

2] (δ = 

1.16 mm s−1, |ΔEQ| = 2.86 mm s−1 (Figure S14)). The second 

component (ca. 60%) displays an isomer shift of δ = 0.38 mm 

s−1 and quadrupole splitting value of |ΔEQ| = 0.94 mm s−1, which 

was assigned as [Cl3FeIII(SCPh3)]
−. These parameters are differ-

ent from those of TBA[Cl4
57FeIII] (Figure S17), which has an 

isomer shift value of δ = 0.23 mm s−1 and a quadrupole splitting 

of |ΔEQ| = 0.53 mm s−1 (Table 1). 

 

In situ IR study of the conversion of [FeII
2Cl6]2− to 

[Cl3FeNO]− by Ph3CSNO. The in situ UV-vis and Mössbauer 

data so far suggest that reaction of [FeII
2Cl6]

2− with Ph3CSNO 

first leads to the formation of an iron(III) halothiolate and free 

NO•. The iron(III) halothiolate then slowly decomposes to di-

sulfide and [FeII
2Cl6]

2−, which captures free NO• to form the 

[Cl3FeNO]− complex (Scheme 5, Mechanism B).  Further sup-

port of Mechanism B was provided by an in situ time-resolved 

solution IR study. Addition of [FeII
2Cl6]

2− to a solution with two 

equivalents of Ph3CSNO in THF-d8 at −70 °C results in a de-

crease of the peak at 1493 cm−1 corresponding to Ph3CSNO. 

Upon further warming of the reaction mixture to −50 °C, a new 

band at 1792 cm−1 appeared, which was attributed to 

TBA[Cl3FeNO] (Figure 3A).39 An 15N-labeling experiment 

confirmed that Ph3CSNO and [Cl3FeNO]− were the only species 

observed with 15N-sensitive stretches over the course of the re-

action (See SI, Figure S21, S22). Importantly, the initial decay 

of Ph3CSNO was not accompanied by the formation of 

[Cl3FeNO]− (Figure 3B). The time gap (ca. 90 seconds) be-

tween these two events provides further assent that free NO• 

was first released into the headspace, where it was unobservable 

by solution IR until it was recaptured by [FeII
2Cl6]

2− as 

[Cl3FeNO]−, consistent with Mechanism B (Scheme 5, bottom). 

Table 1. Solution Mössbauer parameters  

Complex (major component) δ (mm/s) ΔEQ (mm/s) 

TBA2[Cl6
57FeII

2] 1.16 2.86 

TBA[Cl4
57FeIII] 0.23 0.53 

TBA[Cl4
57FeIII] + NaSCPh3

 0.38 0.94 

TBA2[Cl6
57FeII

2] + 2 Ph3CSNO 0.38 0.93 

 

 

      

 
Figure 2. Comparison of initial UV-vis spectra resulting from the re-

action between [Fe2Cl6]
2− and Ph3CSNO at −50 °C in 1:1 THF/CH3CN 

(0.5 mM, brown trace); the reaction between TBA[Cl4FeIII] and one 

equivalent of NaSCPh3 at −20 °C (0.5 mM, red trace).  
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In situ UV-vis, Mössbauer, and IR spectroscopic studies al-

low us to conclude that NO• release likely proceeds through co-

ordination of the S-atom to FeII prior to S-N bond cleavage. 

Otherwise, the concurrent formation of [Cl3FeNO]− and con-

sumption of Ph3CSNO would be expected. The proposed mech-

anism is also consistent with the reactivity profile of metal S-

nitrosothiol complexes−κ1-S coordination weakens the S-N 

bond, making the release of NO• more favorable (Scheme 3).13   

RSNO formation from putative iron(III) halothiolate As 

many NO• release/storage mechanisms are reversible in Na-

ture,8 we next investigated whether the FeII/FeIII chloride couple 

can carry out the formation of S-nitrosothiol. Lancaster et al. 

proposed that the LIP can promote RS-NO bond formation 

based on the observation that the cellular protein S-nitrosation 

levels strongly depend on the concentration of labile/chelatable 

iron.10,11 To this end, we first generated the putative 

[Cl3FeIIISCPh3]
− by treating FeIIICl3 with TBA(SCPh3) at −78 

°C and subjected this reaction mixture to sequential additions 

of NO•. In situ solution IR spectroscopy was utilized to monitor 

and quantify product formation. After the addition of two 

equivalents of NO• at −78 °C and upon warming the reaction 

mixture to −50 °C,  we observed concurrent formation of peaks 

at 1792 cm−1 and 1493 cm−1 (Figure. 2C), assigned as 

[Cl3FeNO]− and Ph3CSNO, respectively.39,45 The estimated 

yields of [Cl3FeNO]− and Ph3CSNO were 67% and 50%, re-

spectively, based on the IR absorbances (see supporting infor-

mation, Figures S24, S25). The FeIII center facilitates the oxida-

tive coupling of thiolate and NO• to form Ph3CSNO by acting 

as an electron acceptor and undergoing reduction to FeII, which 

may be trapped by additional NO• to form [Cl3FeNO]−. The 

presence of an additional equivalent of NO• is critical to prevent 

the reverse reaction, that is, the release of NO• from Ph3CSNO, 

as FeII complexes are known to lead to the decomposition of 

RSNO to disulfide and NO• (Scheme 6). The robust Fe-NO• in-

teraction impedes the displacement of the NO• ligand by S-ni-

trosothiol and prevents the catalytic decomposition of RSNO 

(Scheme 6). Such a “switch effect” of NO• represents a key dif-

ference between Fe and Cu mediated S-nitrosothiol formation; 

the strong interaction between high-spin FeIII (S = 5/2) with 

NO− (S = 1) is not shared by Cu.6 In fact, some of us, and Hay-

ton et al. have shown that the interaction of CuII and NO• is 

highly reversible.46,47 

 

 

 
Figure 4. In situ IR spectrum of the reaction between [Cl3FeIIISCPh3]

− 

and 2 eq NO• in 9:1 THF-d8/CD3CN at −80 °C (30 mM). At −50 °C 

formation of Ph3CSNO ((NO) = 1493 cm−1) and TBA[Cl3FeNO] 

((NO) = 1792 cm−1) was observed. 

 

 
Figure 3. Left: A) In situ solution IR spectra of the reaction between [Fe2Cl6]

2− and Ph3CSNO in THF-d8, 30 mM (from red to purple traces), showing a 

decrease in ν(NO) = 1493 cm−1 (Ph3CSNO) and the appearance of ν(NO) = 1792 cm−1 ([Cl3FeNO]−) upon warming. B) Normalized peak heights of 

Ph3CSNO (blue) and TBA[Cl3FeNO] (green) versus time and temperature (yellow) shows a 90 second delay (shaded grey) in TBA[Cl3FeNO] formation.  
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To confirm that [Cl3FeNO]− does not participate in RS-NO 

bond formation, we investigated its reaction with thiolate. 

Treatment of PPN[Cl3FeNO] with sodium tert-butyl thiolate af-

fords a red-colored solution with strong absorbances at 360 nm 

( = 6670 M−1cm−1) and 475 nm ( = 4360 M−1cm−1) , which 

were assigned as PPN[(tBuS)3FeNO].36 Titration of tert-butyl 

thiolate to a solution of PPN[Cl3FeNO] in UV-vis spectrometer 

confirmed the 3:1 stoichiometry (Figure S6). Employing tert-

butyl thiolate allowed us to calculate the yield of the product 

[(tBuS)3FeNO]− based on reported molar extinction coeffi-

cients. The spectroscopic yield of [(tBuS)3FeNO]− was deter-

mined to be 99%, indicating that the {FeNO}7 motif is robust, 

while Cl− ligand exchange occurs with tBuS−.36  

 

 

Electronic structure of [Cl3FeNO]−, [Cl3CuNO]−, and 

Cl3FeNO The inertness of [Cl3FeNO]− towards nitrosation of 

thiolate and the irreversible binding of NO• at [Cl3FeII]− is a cru-

cial part of Mechanism B proposed in Scheme 5. These proper-

ties of [Cl3FeNO]− are in sharp contrast to its Cu analog 

[Cl3CuNO]−, which exhibits both reversible binding with NO• 

and nitrosative reactivity toward thiolates. To gain more insight 

into the different reactivities of [Cl3FeNO]− and [Cl3CuNO]−, 

we utilized complete active space self-consistent field 

(CASSCF) computations to further understand their electronic 

structure. Some of us46 and others39,46,48,49 have shown that 

CASSCF calculations can provide a detailed understanding of 

the correlation of electronic structure and reactivity of metal-

nitrosyls. The state-specific CASSCF calculations were per-

formed in each complex’s well-established spin state, S = 3/2 

for [Cl3FeNO]− and S = 0 for [Cl3CuNO]−.39,46,50 After screening 

various combinations of metal 3d, NO-*, and NO-* orbitals, 

we chose an active-space of [9e,13o] for [Cl3FeNO]− and 

[10e,13o] for [Cl3CuNO]−. These active spaces include (i) 

bonding and antibonding orbitals of NO-* with metal-dxz/yz, 

(ii) bonding and antibonding orbitals of NO-* with metal-dz2, 

(iii) nonbonding dx2-y2/xy as well as (iv) the next five unoccupied 

orbitals lowest in energy, which are often based on metal 4d or 

ancillary ligands Cl− (See supporting information)). We found 

that 4d orbitals and ancillary orbitals have little effect on the 

results of the calculations, consistent with previous studies by 

Klüfers.39,49 To computationally estimate the amount of NO−/•/+ 

character in each complex, a valence bond-like interpretation of 

the CAS wavefunction was applied by following the method 

laid out by Radón et al.51 The amount of NO−/•/+ character in 

each species is summarized in Table 2. Intuitively, higher per-

centages of Mn+1-NO+ character correlates to NO+ transfer (ni-

trosative) ability, while Mn-NO• corresponds to free NO• re-

lease. We found the CASSCF results to be roughly consistent 

with the observed reactivity of [Cl3FeNO]− and [Cl3CuNO]−. 

Specifically, [Cl3FeNO]− exhibits the lowest NO• character 

(38%) and NO+ character (2%), consistent with its inability to 

release free NO• and perform S-nitrosation. [Cl3CuNO]− exhib-

its significant NO• and NO+ character (86% and 10%, respec-

tively) and is capable of both NO• release and S-nitrosation.46 

 

We were curious as to whether this qualitative analysis would 

allow us to predict the NO+ reactivity of Cl3FeNO, the product 

of the one-electron oxidation of [Cl3FeNO]−. This theoretical 

interaction of FeIIICl3 with NO• would result in an {FeNO}6 

complex with a spin (S = 2), which would be more likely to 

exhibit NO+ transferring ability. The geometry of putitive 

Cl3FeNO complex was optimized with DFT in a variety of spin 

states (S = 0, 1, 2). The two known non-heme {FeNO}6 com-

plexes both have an experimentally and computationally deter-

mined S = 1 (FeIV-NO−) ground state;52 however, optimization 

by B3LYP/def2-TZVP determined the  S = 2 state in Cl3FeNO 

to be the lowest in energy by −20.3 kcal/mol. CASSCF calcu-

lation on the S = 2 spin state showed highly covalent bonding 

character between the Fe dz2 and NO px orbitals with 1.35 e− in 

Table 2. Results of valence-bond analysis of metal nitrosyls  

Res. Structure [Cl3FeNO]− [Cl3CuNO]− Cl3FeNO 

M−NO− 52% 1% 0.25 % 

M−NO• 40% 86% 93% 

M−NO+ 2% 10% 4% 

others 5% 3% 2% 

 

 

 
Figure 5. Partially occupied, covalent metal−NO frontier orbitals resulting from CASSCF calculations of the electronic ground states of (A) [Cl3FeNO]− 

[9e,13o], (B) [Cl3CuNO]− [10e,13o],  and (C) Cl3FeNO [6e, 13o]. 
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the bonding orbital and 0.65 e− in the antibonding orbital (Fig-

ure 1D), similar to [Cl3CuNO]−.46 Post-localization recalcula-

tion of the CI coefficients show Cl3FeNO exhibits about 93% 

FeIII-NO• character as the leading configuration, and FeII-NO+ 

contributes about 4.6% to the ground state as the second leading 

configuration. The increase in NO+ character in the Cl3FeNO 

complex as compared to the [Cl3FeNO]− anion is consistent 

with our experimental observation that the FeIII complex, but 

not FeII, is able to mediate an oxidative coupling reaction to 

form S-nitrosothiols. 

SUMMARY AND CONCLUSIONS 

In contrast to the RS• expulsion mechanism from the 1-N 

RSNO species invoked during NO• release from SNP, reaction 

of the high-spin [Cl3FeII]− motif with S-nitrosothiol generates 

iron(III) thiolate and free NO•.  Detailed in situ spectroscopic 

studies, including UV-vis, Mossbauer, and IR, suggest that co-

ordination of the S-atom to the iron(II) center is necessary to 

promote S-N bond cleavage. Importantly, iron(III) chloride 

complexes can also promote the formation of S-nitrosothiol 

when NO• is in excess. Our CASSCF results, when paired 

alongside our experimental studies, highlight the possibility of 

the use of computation to predict the NO−/•/+ reactivity of a se-

ries of metal nitrosyl complexes.  

One central question that remains unanswered within the lit-

erature is how Fe centers promote the storage of NO• as S-ni-

trosothiols, while also being efficient for the decomposition of 

RSNOs to NO• and disulfide. We believe the answer to this 

question lies within the ability of NO• to irreversibly bind to the 

FeII center ligated by weak field ligands,34–37 shutting down co-

ordination of S-nitrosothiol, which is a crucial step in its decom-

position (Scheme 3). Since [Cl3FeNO]− can be easily converted 

to the DNIC [Cl2Fe(NO)2]
− in the presence of excess NO•,39 our 

study also provides a potential explanation for the formation of 

DNIC and S-nitrosothiol frequently observed during cellular 

protein S-nitrosation,10,11 and demonstrate a strategy available 

to nature to reversibly modulate biological NO• concentration 

with labile iron ions.  
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Synopsis: Simple FeII/FeIII chloride salt can mediate the re-

versible interconversion of NO• and S-nitrosothiols via Fe-S 

interaction. This new mechanism is different from the one pre-

viously proposed for NO• release from the “red product” 1-

N bound S-nitrosothiol FeII complex, [(CN)5Fe(1-N-

RSNO)]3-. 
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General Experimental Details 

 All syntheses and experiments were performed under a nitrogen atmosphere in an 

MBraun glovebox or using standard Schlenk techniques unless otherwise noted. Acetonitrile, 

tetrahydrofuran and diethyl ether were dried and degassed under nitrogen using a Pure Process 

Technologies (PPT, Nashua, NH) solvent purification system, and stored over 4 Å molecular 

sieves. Extra dry methanol and acetone were purchased from Fischer Scientific or Sigma 

Aldrich and used as received. All glassware was dried at 120 °C prior to use. Elemental analysis 

was performed by Midwest Micro Lab (Indianapolis, IN, http://midwestlab.com/). 

Tetrabutylammonium chloride salt (TBACl,), bis(triphenylphosphorylene)iminium chloride 

(PPNCl), anhydrous iron(II) chloride, iron(III) chloride, trimethylsilyl triflate (TMSOTf), tert-

butyl mercaptan, and triphenylmethyl mercaptan were obtained from Fischer, Alfa Aesar, or 

Sigma-Aldrich, and used without further purification. 57Fe(0) (95%+) and Na15NO2 (15N 98%+) 

were obtained from Cambridge Isotope Laboratories and used without further purification. 

Nitric oxide gas was purchased from Praxair and purified with Ascarite (8-20 mesh, Sigma-

Aldrich) before use. NaStBu and NaSCPh3 were obtained from the corresponding thiol and 

NaOtBu in THF.1 TBA(SCPh3) was synthesized via cation exchange with the corresponding 

sodium thiolate and TBACl in THF. Ph3CSNO2, Ph3CS15NO3, TBA[Cl4FeIII]4, 57FeIICl2
5, and 

57FeIIICl3
6 were prepared based on literature procedures. Labeled 15NO was generated from 

ferrocene, Na15NO2 and trimethylsilyl trifluoromethanesulfonate (TMSOTf) based on a 

previously reported literature procedure.7  

General Spectroscopic Details 

1H NMR spectra were recorded on a Bruker Avance NEO 400 MHz instrument or Bruker 

Avance III HD 600 MHz instrument and referenced to the NMR residual solvent peaks. NMR 

yields were calculated using trimethoxybenzene as the internal standard. UV-vis spectra were 

collected on an Agilent Cary 60 spectrophotometer outfitted with a Unisoku Unispeks cryostat 

(−100 °C to + 100 °C). In-situ solution-phase infrared spectroscopy studies were conducted 

with a Mettler Toledo RiRI15 spectrometer. 57Fe Mössbauer spectra were measured on a 

constant acceleration spectrometer (SEE Co. Minneapolis, MN) with a Janis SHI-4 cryostat. 

Isomer shifts are quoted relative to α-Fe foil (<25 μm thick) at room temperature. Data were 

analyzed using the WMOSS version F software package.8 
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Synthesis and Characterization of PPN2[Cl6FeII
2] 

PPN2[Cl6Fe2] was prepared according to a modified literature procedure.9 PPNCl (0.9212 g, 

1.605 mmol) was dissolved in methanol (ca. 2 mL) and added to a stirring suspension of FeIICl2 

(0.2034 g, 1.605 mmol, 1 equiv.) in acetone (ca. 10 mL). Upon addition of PPNCl, the mixture 

became a yellow homogenous solution, then a yellow suspension after stirring for 1 hour. The 

solution was filtered through a plug of Celite, and the Celite pad was washed with additional 

acetone (3 × 2 mL) to ensure complete transfer. After concentration of the filtrate under vacuum, 

diethyl ether (ca. 3 mL) was layered on top and the vial was placed in a −35 °C freezer. The 

colorless crystals that formed overnight were collected by filtration and dried under vacuum to 

yield PPN2[Cl6Fe2] (1.0232 g, 91.0%). The identity of the compound was confirmed by unit 

cell analysis of the single crystals by X-ray diffractometry.9  

 

Synthesis and Characterization of PPN[Cl3FeNO] ({FeNO}7) 

PPN[Cl3FeNO] was prepared according to a modified literature procedure.10 Solid 

PPN2[Cl6FeII
2] (31.0 mg, 28.4 µmol) was dissolved in a minimum amount of methanol (ca. 1.5 

mL). The solution was chilled in a −35 °C freezer. Gaseous NO• (20.0 mL) was bubbled through 

the solution until no further color change from clear to green could be observed. Diethyl ether 

(ca. 1.5 mL) was layered on top of this solution with a syringe. The solution was stored at 

−35 °C overnight to obtain dark green needle-shaped crystals (14.5 mg, 44%.). The identity of 

the product was confirmed via unit cell analysis of the crystals by X-ray diffractometry.10 The 

PPN[Cl3Fe15NO] was prepared analogously with PPN2[Cl6FeII
2] and 15NO. The UV-vis sample 

was prepared via NO injection to an CH3CN solution of PPN[Cl3FeNO] (2.5 mM, 3 mL, 7.5 

µmol) (Figure S1). Solution IR samples were prepared by redissolving PPN[Cl3FeNO] or 

PPN[Cl3Fe15NO] in DCM (20 mM, 1 mL, 20 µmol) under ambient air (Figure S2). The 

Mössbauer sample was prepared using approximately 30 mg of sample suspended in paratone-

N oil and loaded under liquid N2 to avoid air and moisture (Figure S3). Mössbauer data were 

collected at 4 K in the absence of an applied magnetic field.  
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Synthesis and Characterization of TBA2[Cl6FeII
2]  

TBA2[Cl6FeII
2] was prepared in a similar manner to PPN2[Cl6FeII

2]. Under ambient air, an 

acetone solution of TBACl (0.5473 g, 1.969 mmol) was added to a stirred 10 mL suspension of 

an acetone solution of FeIICl2 (0.2496 g, 1.969 mmol). Upon addition of TBACl, the mixture 

 

Figure S1. Reaction of PPN2[Cl6FeII
2] with 1 eq. NO (g) to produce PPN[Cl3FeNO] (365 

nm (ε = 1080 M-1 cm-1), 480 nm (ε = 500 M-1 cm-1), 660 nm (ε = 400 M-1 cm-1).  

 

Figure S2. Solution IR spectrum of 14N and 15N-PPN[Cl3FeNO]. 

 

Figure S3. 57Fe Mössbauer spectrum (natural abundance) of PPN[Cl3FeNO] (4 K, 0 T). 

Experimenal data (black dots), best fit (red line) (2 = 0.521) . δ = 0.58 mm s-1 , |ΔEQ| = 

1.53 mm s-1, L = 1.30, R = 1.70.  
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became homogenous and golden yellow. The solution was stirred overnight to give a pale 

yellow precipitate and a yellow solution. The solution was filtered through Celite and the 

precipitate was washed with acetone (3 x 2 mL). After concentration of the filtrate under 

vacuum, diethyl ether (ca. 3 mL) was added and the vial placed in a −35 °C freezer. The 

colorless crystals that formed overnight were collected by filtration and dried under vacuum to 

yield TBA2[Cl6FeII
2] (0.4201 g, 53.0 %, based on Fe). The identity of the compound was 

determined by single-crystal x-ray diffraction. Elemental analysis, Calcd for C32H72Cl6Fe2N2 C, 

47.49; H, 8.97; N, 3.46. Found C, 46.84; H, 8.56; N, 3.51.  

 

Reaction of TBA2[Cl6FeII
2] with NO (g) in 1:1 THF/CH3CN.  

A solution of TBA2[Cl6FeII
2] (3.0 mL, 0.25 mM, 0.75 µmol, 1:1 CH3CN/THF) was placed in a 

quartz cuvette with a Schlenk attachment under a nitrogen atmosphere. NO• (0.1 mL, 4.1 mol, 

5.5 equiv.) was then added to the cuvette at room temperature under a positive flow of nitrogen 

to generate TBA[Cl3FeNO], as identified by UV-vis features at 365 nm, 480 nm, 655 nm. The 

molar absorbtivity values of these features are similar to those corresponding to PPN[Cl3FeNO] 

(Figure S4).  

Solution magnetic susceptibility measurement for PPN[Cl3FeNO] with Evans method 

Under an inert atmosphere, a 50:1 mixture of CDCl3 and CHCl3 (0.800 mL) was used to 

prepared a 0.0275 M solution of PPN[Cl3FeNO]. Separately, a few drops of the CDCl3/CHCl3 

mixture was added to a capillary tube with one end sealed, and the capillary tube was inserted 

into the NMR tube of the pre-made PPN[Cl3FeNO] sample. A 1H NMR spectrum was acquired 

 

Figure S4. Reaction of TBA2[Cl6FeII
2] with 5.5 eq. NO (g) to produce TBA[Cl3FeNO] (365 

nm (ε = 1080 M-1 cm-1), 480 nm (ε = 410 M-1 cm-1), 660 nm (ε = 320 M-1 cm-1). 
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(Figure S5). The magnetic susceptibility and magnetic moment were calculated and compared 

to theoretical values according to the equations below.  

𝜒𝑀 =  
3 ∆𝑓

4𝜋 𝐹 𝑐
 

where 𝜒𝑀 is the molar magnetic susceptibility, ∆𝑓 is the peak separation (in Hz) between 

two CHCl3 resonances from (a) the CDCl3/CHCl3 pure solvent mixture in the capillary tube and 

(b) the CDCl3/CHCl3 solution of paramagnetic species, 𝐹 is the spectrometer radiofrequency 

in Hz, and 𝑐 is the concentration of the sample in mM. 

𝜇 =  √8 𝑋𝑀 𝑇 

where  is the molar magnetic susceptibility, 𝑇 is the temperature (K), the constant √8 is 

result of √8 =
3𝑘𝐵

𝑁𝛽2  (𝑘𝐵  is Boltzmann’s constant, N is Avogadro’s number, 𝛽  is the Bohr 

magneton of the electron (0.93 x 10-24 erg gauss−1). 

𝜇𝑠 =  𝑔√𝑠(𝑠 + 1) 

where s is the theoretical magnetic moment, S is the spin quantum number, g is a constant. 

The theoretical magnetic moment (𝜇𝑠 = 3.873) for systems with two unpaired electrons is in 

good agreement with the calculated magnetic moment for [Cl3FeNO]− (𝜇 = 3.936) (Figure S5).  

 

 

 

Figure S5. 1H NMR (CDCl3, 400 MHz) spectrum of PPN[Cl3FeNO] . Green dot indicates 

NMR solvent (δ 7.26 – CDCl3) in capillary; blue dot indicates solvent peak shift due to 

paramagnetic interaction with PPN[Cl3FeNO] (δ 8.01) (Δδ = 0.75 ppm). 
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Reaction of PPN[Cl3FeNO] with NaStBu in THF 

In the glovebox, a suspension of NaStBu (0.45 mL, 6.0 mM, 2.7 mol, 3 equivalents) in THF 

was transferred to a quartz cuvette equipped with a rubber septum. Additional THF (2 mL) was 

added to the cuvette to bring the total volume to 2.7 mL. The cuvette was sealed and transferred 

to the UV-vis spectrometer. Under a nitrogen atmosphere, a solution of PPN[Cl3FeNO] (0.3 mL, 

3.0 mM, 0.9 mol) was injected into the cuvette to bring the final concentrations of 

PPN[Cl3FeNO] and NaStBu to 0.3 mM and 0.9 mM (3 equiv.), respectively. The color of the 

solution quickly changed from green to deep red with max at 360 nm and 475 nm. The red 

species was assigned as [(tBuS)3FeNO]− based on its characteristic UV-vis features.11 This in-

situ UV-vis experiment was repeated three more times with different amounts of NaStBu (1 eq., 

2 eq., and 4 eq.). The overlay of the spectra is shown in Figure S6, left. A plot of absorbance at 

475 nm vs. equivalents of NaStBu (Figure S6, right) reveals that the stoichiometry of NaStBu : 

PPN[Cl3FeNO] is 3:1, further supporting that the product of the reaction is [(tBuS)3FeNO]− 

reported by Lippard et al.11 Based on the reported molar extinction coefficient of 

[(tBuS)3FeNO]− at 475 nm ( = 4360 M-1cm-1), the spectroscopic yield of [(tBuS)3FeNO]− is 

99%. 

 

Reaction of TBA2[Cl6FeII
2] with Ph3CSNO in 1:1 CH3CN/THF 

A solution of TBA2[Cl6Fe2] (2.500 mL, 0.300 mM, 0.750 μmol) was prepared in 1:1 

CH3CN/THF and transferred into a quartz cuvette with a Schlenk attachment under a nitrogen 

atmosphere. The cuvette was sealed and cooled to −50 ºC in the UV-vis spectrometer. A separate 

     

Figure S6. Left: UV-vis spectra of the reaction of PPN[Cl3FeNO] (green trace) with 

different equivalents of NaStBu. Right: plot of Abs (@ 475 nm) vs. equivalents of NaStBu 

added. 
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solution of Ph3CSNO (0.500 mL, 1.500 μmol, 2 equiv.) was made under nitrogen atmosphere 

and injected into the cuvette to bring the final concentration of TBA2[Cl6Fe2] and Ph3CSNO to 

0.250 mM and 0.500 mM (2 equiv.), respectively. The reaction was monitored by measuring 

one spectrum every 60 seconds at −50 °C for 30 minutes (Figure S7, left). The reaction was 

then warmed to room temperature and monitored for an additional 15 hours (Figure S7, right). 

The calculated yield of TBA[Cl3FeNO] (green trace) after decomposition was close to 100%. 

 

Reaction of PPN2[Cl6FeII
2] with Ph3CSNO in THF.  

A solution of PPN2[Cl6Fe2] (2.250 mL, 0.111 mM, 0.250 μmol) was made in THF and 

transferred into a quartz cuvette with a Schlenk attachment under a nitrogen atmosphere. The 

cuvette was sealed and cooled to −50 ºC in the UV-vis spectrometer. A separate solution of 

Ph3CSNO (0.250 mL, 0.500 μmol, 2 equiv.) was made under nitrogen atmosphere and injected 

into the cuvette to bring the final concentration of PPN2[Cl6Fe2] and Ph3CSNO to 0.100 mM 

and 0.200 mM (2 equiv.), respectively. The reaction was monitored by measuring one UV-vis 

spectrum every 60 seconds for 30 minutes (Figure S8). 

   

Figure S7. Left: UV-vis spectra of the reaction between TBA2[Cl6Fe2] and Ph3CSNO to 

form the brown intermediate. (520 nm (ε = 999 M-1 cm-1), 630 nm (ε = 966 M-1 cm-1). 

 Right: UV-vis spetra of the decomposition of brown intermediate formed in the reaction 

between TBA2[Cl6Fe2] and Ph3CSNO (brown trace) over a 15-hour time period to form 

TBA[Cl3FeNO] (green trace). 
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Reaction of TBA[Cl4FeIII] with NaSCPh3 in 1:1 CH3CN/THF 

A solution of TBA[Cl4FeIII] (2.000 mL, 0.750 mM, 1.5 µmol) was made in a solution of 1:1 

CH3CN/THF and transferred into a quartz cuvette with a Schlenk attachment under a nitrogen 

atmosphere. The cuvette was sealed and cooled to −20 ºC in the UV-vis spectrometer. A separate 

solution of NaSCPh3 (1.000 mL, 1.5 µmol, 1 equiv.) was made under nitrogen atmosphere and 

injected into the cuvette under positive nitrogen flow. The UV-vis spectrum was measured 60 

seconds after injection of NaSCPh3. (Figure S9)  

 

Reaction of Cl3FeIII with TBA(SCPh3) in 1:1 CH3CN/THF 

A solution of Cl3FeIII (2.500 mL, 0.600 mM, 1.5 µmol) was made in a solution of 1:1 

CH3CN/THF and transferred into a quartz cuvette with a Schlenk attachment under a nitrogen 

atmosphere. The cuvette was sealed and cooled to −20 ºC in the UV-vis spectrometer. A separate 

solution of TBA(SCPh3) (0.500 mL, 1.5 µmol, 1 equiv.) was made under nitrogen atmosphere 

   

Figure S8. UV-vis spectra of the reaction between PPN2[Cl6Fe2] and Ph3CSNO.  
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Figure S9. UV-vis spectra of the reaction between TBA[Cl4FeIII] (black) and NaSCPh3 to 

form [Cl3Fe(SCPh3)]− (brown). (530 nm (ε = 958 M-1 cm-1), 625 nm (ε = 924 M-1 cm-1). 
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and slowly injected into the cuvette under positive nitrogen flow (0.100 mL per min to avoid 

formation of any [ClxFe(SCPh3)x]−). The reaction was monitored by measuring one UV-vis 

spectrum every 60 seconds for 30 minutes. (Figure S10).  

 

Determining the stoichiometry of NaSCPh3 to TBA[Cl4FeIII] with UV-vis titration. 

In glovebox, an acetonitrile solution of TBA[Cl4FeIII] (2.500 mL, 0.600 mM, 1.5 µmol) was 

transferred to a quartz cuvette equipped with a septum. The cuvette was sealed and cooled to 

−35 ºC in the UV-vis spectrometer. The reaction mixture was titrated with sequential additions 

of acetonitrile solution of TBA(SCPh3) (0.100 mL, 0.75 µmol, 1 eq each aliquot). The progress 

of the reaction was monitored by measuring one UV-vis spectrum every 60 seconds until the 

spectrum stabilized (Figure S11). A plot of absorbance at 540 nm and 628 nm vs. equivalents 

of NaSCPh3 (Figure S11 bottom) suggests that the FeIII center can bind up to four equivalents 

of thiolates.12,13 This provides evidence for the [Cl3FeIII(SCPh3)]− species undergoing chloride 

thiolate ligand scrambling, as described in Scheme S1 (below). The max of the iron-thiolate 

charge transfer features (450 – 650 nm) shifts with higher concentrations of TBA(SCPh3) 

increase, suggesting the existence of multiple [ClxFeIII(SCPh3)4-x]− species in solution.

    

Figure S10. UV-vis spectra of the reaction between FeIIICl3 (red) and TBA(SCPh3) to form 

[Cl3Fe(SCPh3)]− (brown). 
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Determining the stoichiometry of TBA(SCPh3) to Cl3FeIII with UV-vis titration. 

In a glovebox, an acetonitrile solution of Cl3FeIII (2.500 mL, 0.600 mM, 1.5 µmol) was 

transferred to a quartz cuvette equipped with a septum. The cuvette was sealed and cooled to 

−35 ºC in the UV-vis spectrometer. A separate solution of TBA(SCPh3) (acetonitrile, 0.500 mL, 

1.5 µmol, 1 eq) was made under nitrogen atmosphere and injected into the cuvette. The color 

of the solution changed from orange to brown with max at 540 nm and a broad shoulder at 628 

nm, which was assigned to [Cl3FeIII(SCPh3)]−. The reaction mixture was titrated with sequential 

addition of acetonitrile solution of TBA(SCPh3) (0.250 mL, 0.75 µmol, 0.5 eq each aliquot). 

 

Figure S11. Top: UV-vis spectra of the reaction between TBA[Cl4FeIII] with different 

equivalents of NaSCPh3 (1 - 5 equivalents) at –35 °C in acetonitrile. All spectra were 

normalized by considering dilution introduced by each aliquot of NaSCPh3. Bottom: plot of 

absorbance at 540 nm and 628 nm vs. equivalents of NaSCPh3 added.  

0

0.5

1

1.5

2

2.5

400 500 600 700 800 900

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

4 eq.

3 eq.

2 eq.

1 eq.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

0 1 2 3 4 5

A
b

s
o

rb
a
n

c
e

Equivalents −SCPh3

Abs628

Abs540

5 eq.

540 nm 628 nm



S13 

 

The progress of the reaction was monitored by measuring one UV-vis spectrum every 30 

seconds until the spectrum stabilized (Figure S10). A plot of absorbance at 540 nm and 628 nm 

vs. equivalents of TBA(SCPh3) (Figure SX bottom) suggests that the FeIII center can bind up to 

four equivalents of thiolates.  

 

Scheme S1. 

 

 

Quantification of Ph3CS-SCPh3 and [Cl6FeII
2]2- from FeIIICl3 + 1 eq. TBA(SCPh3)  

In the glovebox, separate solutions of FeIIICl3 (9.73 mg, 0.060 mmol, 1 eq.) and TBA(SCPh3) 

(31.1 mg, 0.060 mmol, 1 eq.) were made in MeCN. The solutions were cooled to −35 °C, then 

 

Figure S12. Top: UV-vis spectra of the reaction between Cl3FeIII with different equivalents 

of TBA(SCPh3) (1 - 4 equivalents) at –35 °C in acetonitrile. All spectra were normalized by 

considering dilution introduced by each aliquot of TBA(SCPh3). Bottom: plot of absorbance 

at 540 nm and 628 nm vs. equivalent of TBA(SCPh3) added.  
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combined and left to react at −35 °C until the brown color of the reaction had faded (48 hours). 

The MeCN was removed in vacuo and toluene was added to the solid to dissolve the disulfide 

that had formed. The mixture was filtered to collect the toluene filtrate, and the insoluble portion 

containing TBA2[Cl6FeII
2] was recrystallized from acetone/diethyl ether. The disulfide was 

recrystallized from toluene/diethyl ether. The yields of disulfide and TBA2[Cl6FeII
2] were 73.3 % 

(12.1 mg) and 82.7% (20.1 mg), respectively. 

 

Synthesis and characterization of TBA2[Cl6
57FeII

2] for Mössbauer spectroscopy 

This compound was prepared according to a similar procedure to the unlabeled material. Under 

ambient air, an acetone solution of TBACl (27.4 mg, 98.6 μmol) was added to a stirring 2 mL 

suspension of an acetone solution of > 95% enriched 57FeIICl2
5 (12.6 mg, 98.6 μmol). Upon 

addition of TBACl, the mixture became homogenous and a golden yellow. The solution was 

stirred overnight to give a pale yellow precipitate and a yellow solution. The solution was 

filtered through Celite and the precipitate was washed with acetone (3 x 2 mL). After 

concentration of the filtrate in vacuo, diethyl ether (ca. 3 mL) was added and the vial placed in 

a −35 °C freezer. The colorless crystals were collected after workup correspond to 

TBA2[Cl6
57FeII

2] (20.3 mg, 50.8 %, based on Fe). Successful synthesis of this material was 

confirmed by UV-vis monitoring of the reaction of TBA2[Cl6
57FeII

2] with Ph3CSNO. A solution 

of TBA2[Cl6Fe2] (2.500 mL, 0.300 mM, 0.750 μmol) was prepared in 1:1 CH3CN/THF and 

transferred into a quartz cuvette with a Schlenk attachment under a nitrogen atmosphere. The 

cuvette was sealed and cooled to −50 ºC in the UV-vis spectrometer. A separate solution of 

Ph3CSNO (0.500 mL, 1.500 μmol, 2 equiv.) was made under nitrogen atmosphere and injected 

into the cuvette to bring the final concentration of TBA2[Cl6Fe2] and Ph3CSNO to 0.250 mM 

and that of 0.500 mM (2 equiv.), respectively. The reaction was monitored by measuring one 

UV-vis spectrum every 60 seconds at −50 °C for 30 minutes (Figure S13). 
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Solution Mössbauer of TBA2[Cl6
57FeII] 

To a delrin Mössbauer sample cup containing 1.4 mg of TBA2[Cl6
57FeII] under a nitrogen 

atmosphere at room temperature was added 0.345 mL of 9:1 THF/MeCN to form a 5 mM 

solution. The sample was sealed in a vial, removed from the glovebox and frozen in liquid 

nitrogen. The sample was kept stored in liquid nitrogen until being loaded. The data was 

collected at 80 K in the absence of an applied external magnetic field (Figure S14). 

Synthesis and characterization of TBA[Cl4
57FeIII] for Mössbauer spectroscopy 

TBA[Cl4
57FeIII] was prepared according to modified literature procedures.6,14 To 29.0 mg of 

57Fe powder (>95%) (0.510 mmol, 1 eq) was added 5 mL of concentrated (35%) aqueous HCl. 

This solution was heated to 120 °C and refluxed for 48 hrs, during which time an orange 

solution (FeIIICl3 • 6H2O) formed. Upon cooling to room temperature, one equivalent of TBACl 

    

Figure S13. UV-vis spectra of the reaction between TBA2[Cl6
57FeII

2] (black) and Ph3CSNO 

to form the brown intermediate. The absorption values at 520 and 630 nm were in agreement 

with those formed by the unlabeled material. 
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Figure S14. 57Fe Mössbauer spectrum of TBA2[Cl6
57FeII

2] (80 K, 0 T). Experimenal data 

(black dots), best fit (purple) ( = ). δ = 1.16 mm s-1, |ΔEQ| = 2.86 mm s-1, ΓL = 0.80, 

ΓR = 0.84. 
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(0.510 mmol, 141.5 mg) was added to the solution with stirring. Immediately, a yellow 

precipitate formed. The yellow precipitate was collected by filtration, and rinsed with diethyl 

ether. The yellow precipitate was recrystallized from a mixture of dichloromethane/diethyl 

ether at −35 °C to yield TBA[Cl4
57FeIII] (85.2 mg, 38.0% based off Fe). The formation of 

TBA[Cl4
57FeIII] was verified by monitoring the reaction with NaSCPh3 by UV-vis spectroscopy. 

A solution of TBA[Cl4FeIII] (2.000 mL, 0.750 mM, 1.5 µmol) was made in a solution of 1:1 

CH3CN/THF and transferred into a quartz cuvette with a Schlenk attachment under a nitrogen 

atmosphere. The cuvette was sealed and cooled to −20 ºC in the UV-vis spectrometer. A separate 

solution of NaSCPh3 (1.000 mL, 1.5 µmol, 1 equiv.) was made under nitrogen atmosphere and 

injected into the cuvette under positive nitrogen flow. The UV-vis spectrum was measured 60 

seconds after injection of NaSCPh3 (Figure S15)  

 

    

Figure S15. UV-vis spectra of the reaction between TBA[Cl4
57FeIII] (black) and NaSCPh3 

to form TBA[Cl3
57Fe–SCPh3]. The absorption values at 540 and 628 nm were in agreement 

with those formed by the unlabeled material. 
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Solution Mössbauer of TBA[Cl4
57FeIII] 

To a delrin Mössbauer sample cup containing 2.1 mg of TBA[Cl4
57FeIII] under a nitrogen 

atmosphere at room temperature was added 475.6 μL of 9:1 THF/MeCN to form a 10 mM 

solution. The sample was sealed in a vial, removed from the glovebox and frozen in liquid 

nitrogen. The sample was kept stored in liquid nitrogen until being loaded. The data was 

collected at 80 K in the absence of an applied external magnetic field (Figure S17). 

Solution Mössbauer of the reaction of TBA2[Cl6
57FeII

2] + 2 Ph3CSNO 

Under a nitrogen atmosphere, a solution of Ph3CSNO (30 mM, 0.250 mL) in 9:1 THF/CH3CN 

was cooled to −45 °C in a delrin Mössbauer sample cup. Separately, a solution of 

TBA2[Cl6
57FeII

2] (15 mM, 0.250 mL) was cooled to −45 °C. The two solutions were mixed to 

make the final concentration of Fe and Ph3CSNO 15 mM. Upon mixing, there was a gradual 

color change from green to dark brown. After allowing the reaction to proceed for 60 mins, the 

solvent was removed to form a thin layer of sample in the bottom of the sample cup. The sample 

was then frozen in liquid nitrogen and kept stored under liquid nitrogen until loading to avoid 

O2 and moisture contamination. Mössbauer spectra were collected at 80 K in the absence of an 

 

Figure S17. 57Fe Mössbauer spectrum of TBA[Cl4
57FeIII] (80 K, 0 T). Experimenal data 

(black dots), best fit (red) ( = ). The best fit was comprised of two subsites. Subsite 

1 (blue) δ = 0.23 mm s-1, |ΔEQ| = 0.53 mm s-1, ΓL = ΓR = 0.83. Subsite 2 (grey) was added 

to represent the intermediate relaxation of the doublet at 80 K. δ = 0.36 mm s-1, |ΔEQ| = 

0.00 mm s-1, ΓL = ΓR = 6.51 
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external magnetic field (Figure S18). 

 

Solution Mössbauer of the reaction of TBA[Cl4
57FeIII] + 1 NaSCPh3 

Under a nitrogen atmosphere, a solution of NaSCPh3 (20 mM, 0.250 mL) in 9:1 THF/CH3CN 

was cooled to −20 °C in a delrin Mössbauer sample cup. Separately, a solution of TBA[Cl4
57FeIII] 

(20 mM, 0.250 mL) was cooled to −20 °C. The two solutions were mixed to make the final 

concentration of Fe and NaSCPh3 10 mM. Upon mixing, there was a color change from yellow 

to dark brown. After allowing the reaction to occur for ten minutes, solvent was removed to 

form a thin layer of sample at the bottom of the sample cup. The sample cup then was frozen 

in liquid nitrogen and kept stored under liquid nitrogen until loading to avoid O2 and moisture 

contamination. Mössbauer spectra were collected at 80 K in the absence of an external magnetic 

field (Figure S19).  

 

 

 

 

 

 

Figure S18. 57Fe Mössbauer spectrum of TBA2[Cl6
57FeII

2] + 2 eq. Ph3CSNO (80 K, 0 T). 

Experimenal data (black dots), best fit (red) ( = ) with parameters: subsite 1 (blue) 

matches the parameters for [Cl3FeIII–SCPh3]− independently generated from the reaction 

of TBA[Cl4FeIII]+1 NaSCPh3, δ = 0.38 mm s-1 , |ΔEQ| = 0.94 mm s-1, R = L = 1.38, %I = 

56; subsite 2 (purple) matches the parameters of TBA2[Cl6
57FeII

2] δ = 1.16 mm s-1 , |ΔEQ| = 

2.86 mm s-1, R = 0.84 L = 0.80, %I = 44. 
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In situ solution IR monitoring of TBA2[Cl6FeII
2] + 2 eq. Ph3CSNO in THF-d8 

A solution of Ph3CSNO (1.000 mL, 150.0 mM, 150.0 μmol) was made in THF-d8 under 

nitrogen atmosphere. The solution was injected with a syringe into a three-neck cell under 

flowing argon atmosphere and cooled in an acetone/dry ice bath to −78 ºC. A separate solution 

of TBA2[Cl6FeII
2] (1.500 mL, 75 μmol, 0.5 equiv.) was made under nitrogen atmosphere and 

injected via syringe into the cell to make the final concentration of Ph3CSNO and Fe 30 mM. 

The reaction was monitored by scanning the IR spectrum every 15 seconds for a total of 3 hrs 

(Figure S20)  

 

Figure S19. 57Fe Mössbauer spectrum of TBA[Cl4
57FeIII] + 1 eq. NaSCPh3 (80 K, 0 T). 

Experimenal data (black dots), best fit (red) ( = ) with parameters: subsite 1 (blue) 

δ = 0.38 mm s-1 , |ΔEQ| = 0.93 mm s-1, R = L = 1.38, %I = 67; subsite 2 (purple) matches 

the parameters of TBA2[Cl6
57FeII

2] δ = 1.16 mm s-1 , |ΔEQ| = 2.86 mm s-1, R = 0.84 L = 

0.80, %I = 33. Subsite 3 (grey) was added to represent the intermediate relaxation of the 

doublet at 80 K. δ = 0.45 mm s-1, |ΔEQ| = 5.61 mm s-1, ΓL = ΓR = 10.78 

 

 

-10 -8 -6 -4 -2 0 2 4 6 8 10

A
b

s
o

rb
a
n

c
e

Velocity (mm/s)

0.5 % Abs



S20 

 

 

In situ solution IR monitoring of TBA2[Cl6FeII
2] + 2 Ph3CS15NO in THF-d8 

A solution of Ph3CS15NO (1.500 mL, 80.0 mM, 120.0 μmol) was made in THF-d8 under 

nitrogen atmosphere. The solution was injected with a syringe into a three-neck cell under 

flowing argon atmosphere and cooled in an acetone/dry ice bath to −78 ºC. A separate solution 

of TBA2[Cl6FeII
2] (0.500 mL, 60 μmol, 0.5 equiv.) was made under nitrogen atmosphere and 

injected via syringe into the cell to make the final concentration of Ph3CS15NO and Fe 30 mM. 

The reaction was monitored by scanning the IR spectrum every 15 seconds for a total of 3 hrs 

(Figure S21). (15NO)Ph3S15NO = 1473 cm-1;  = 21 cm-1 (calculated from Hooke’s law  = 27 

cm-1) (15NO)TBA[Cl3Fe15NO] = 1753 cm-1;  = 39 cm-1 (calculated from Hooke’s law  = 33 

cm-1). 

    

Figure S20. IR spectra (solvent background subtracted) of the reaction between 

TBA2[Cl6FeII
2] and 2 eq. Ph3CSNO. Red trace: Ph3CSNO in 1.000 mL THF-d8 at −78 °C. 

Green: directly after addition of TBA2[Cl6FeII
2] in 1.500 mL THF-d8 at −78 °C. Dark blue: 

After 1 hour of reaction, gradually warming solution to 0 °C. Purple: completed reaction 

after 3 hours. (NO)Ph3SNO = 1493 cm-1; (NO)TBA[Cl3FeNO] = 1792 cm-1.  
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In situ solution IR of Cl3FeIII + TBA(SCPh3) and NO (g) in 9:1 THF-d8/CD3CN  

A solution of FeIIICl3 (1.250 mL, 60.0 mM, 75.0 μmol) was made in 9:1 THF-d8/CD3CN under 

a nitrogen atmosphere. The solution was injected with a syringe into a three-neck cell under 

flowing nitrogen atmosphere and cooled in an acetone/dry ice bath to −78 ºC. A separate 

solution of TBA(SCPh3) (1.250 mL, 75.0 μmol) was made under nitrogen atmosphere and 

injected via syringe into the cell to make the final concentration of Fe/SCPh3 30 mM. Gaseous 

NO• 2 x 1.8 mL (1 eq. each) was added sequentially, allowing sufficient time for the spectrum 

to stabilize between additions. The reaction was monitored for 2 hours by scanning the IR 

    

Figure S21. IR spectra (solvent background subtracted) of the reaction between 

TBA2[Cl6FeII
2] and 2 eq. Ph3CS15NO. Red trace: Ph3CS15NO in 1.5 mL THF-d8 at −78 °C. 

Green: directly after addition of TBA2[Cl6FeII
2] in 0.5 mL THF-d8 at −78 °C. Dark blue: 

After 1 hour of reaction, gradually warming solution to 0 °C. Light blue: After 1 hour 45 

minutes of reaction, solution at room temperature. Purple: completed reaction after 3 hours.  
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Figure S22. Overlaid IR spectra of the reaction between TBA2[Cl6FeII
2] with 2 eq. 

Ph3CS15NO (bright traces), and TBA2[Cl6FeII
2] and 2 eq. Ph3CS14NO (pale traces). The red 

and purple traces in both cases correspond to the beginning and end of the reactions, 

respectively.  
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spectrum every 15 seconds. 

 

 

In situ solution IR calibration curve for TBA[Cl3FeNO] in 9:1 THF-d8/CD3CN 

A solution of TBA2[Cl6FeII
2] (0.250 mL, 15.0 mM, 3.750 μmol) was made in 9:1 THF-

d8/CD3CN under a nitrogen atmosphere. The solution was injected into a three-neck cell with a 

syringe under flowing nitrogen atmosphere and cooled in an acetone/dry ice bath to −78 ºC . 

Gaseous NO• (0.18 mL, 7.500 μmol, 2 eq.) was added to form TBA[Cl3FeNO] in-situ at a 30 

mM concentration. Following formation of TBA[Cl3FeNO], additional solvent was added in 

0.10 mL increments (0.60 mL added total) allowing sufficient time for the spectrum to stabilize 

between additions (Figure SX, left). The absorbance at 1792 cm-1 was tracked after each 

addition to create a calibration curve (Figure S24 right). The yield of TBA[Cl3FeNO] from the 

reaction of FeIIICl3, TBA(SCPh3), and NO• was calculated to be 20.2 mM  0.6 mM, based on 

the absorbance at 1792 cm-1 (Figure S24) 

 

  

Figure S23. IR spectra (solvent background subtracted) of the reaction between FeIIICl3, 1 

eq. TBA(SCPh3), and 2 eq. NO (g). Red: FeIIICl3/TBA(SCPh3) solution in 2.500 mL 9:1 

THF-d8/CD3CN at −78 °C. Blue: directly after addition of the second eq. NO (g) at −78 °C. 

Purple: reaction solution after 2 hours, at −50 °C. The spectrum did not change after 

warming the solution to room temperature. (NO)TBA[Cl3FeNO] = 1792 cm-1; (NO)Ph3CSNO = 

1493 cm-1. 
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In situ solution IR calibration curve for Ph3CSNO in 9:1 THF-d8/CD3CN 

A solution of Ph3CSNO (0.250 mL, 30.0 mM, 7.500 μmol) was made in 9:1 THF-d8/CD3CN 

under a nitrogen atmosphere. The solution was injected with a syringe into a three-neck flask 

under flowing nitrogen atmosphere and cooled with an acetone/dry ice bath to −78 ºC. 

Additional solvent was added in 0.10 mL increments (0.60 mL added total) allowing sufficient 

time for the spectrum to stabilize between additions (Figure S25, left). The absorbance was 

tracked at 1493 cm-1 after each addition to create the calibration curve (Figure S25, right). The 

absorbance at 1493 cm-1 from the independent reaction between FeIIICl3 and TBA(SCPh3) was 

  

Figure S24. Left: IR spectra (solvent background subtracted) of TBA[Cl3FeNO] at −78 °C. 

Each solid trace represents the dilution that occurred after each 0.10 mL addition of solvent. 

Red dotted trace: overlay of TBA[Cl3FeNO] peak from the final spectrum in figure S23. 

Right: Calibration curve (error bars  1 std.dev y-direction) for TBA[Cl3FeNO] (blue dots) 

with equation and R2 value. Red dot represents the calculated yield of TBA[Cl3FeNO].  
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Figure S25. Left: IR spectra (solvent background subtracted) of Ph3CSNO at −78 °C. Each 

solid trace represents the dilution that occurred after each 0.10 mL addition of solvent. Red 

dotted trace: overlay of Ph3CSNO peak from the final spectrum in figure S23. Right: 

Calibration curve (error bars  1 std.dev y-direction) for Ph3CSNO (blue dots) with equation 

and R2 value. Red dot represents the calculated yield of Ph3CSNO.  
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utilized to calculate the yield of Ph3CSNO. The yield was calculated to be 15.0 mM  0.5 mM. 

 

X-ray Crystallographic Data 

Single crystals of each compound were mounted under paratone oil on glass fibers and 

immediately placed under a cold nitrogen stream (Oxford Cryosystems Cryostream) at 150(2) 

K on a Bruker D8 with Mo Kα radiation source (λ = 0.7107 Å) and a Photon II detector. The 

data was integrated with the Bruker SAINT program. Structure solutions were performed using 

the SHELXTL/PC suite15 under XSEED16 or Olex2 program, and were corrected for Lorentz 

and polarization effects. An empirical absorption correction was applied using Blessing’s 

method as incorporated into the program SADABS.17 Non-hydrogen atoms were refined with 

anisotropic thermal parameters and hydrogen atoms were included in idealized positions. 

Structures were rendered with POV-Ray in XSEED using 50% probability ellipsoids. 

  

 

Figure S26. X-ray structure of TBA3[Cl6FeII
2]•[Cl3FeII(H2O)] with thermal ellipsoids of 

30% probability. An Et2O solvent molecule is omitted. Only ½[Cl6FeII
2]2- is contained in the 

unit cell, however, the full dimeric structure is shown for clarity, with the two [Cl3FeII]− sites 

denoted A and B. 



S25 

 

Computational Methodology  

All computations were performed using Gaussian16 or ORCA 4.1.0.18 The initial geometry 

optimization for the ground states of [Cl3FeNO]− and [Cl3CuNO]− were carried out using the 

(U)BP8619,20 method with the def2-TZVP basis set, starting from coordinates obtained from the 

single crystal structures.21 The initial geometry optimization for Cl3FeNO in the S = 0, 1, 2 spin 

states was performed using the (U)BP8619,20, (U)B3LYP19, and TPSSh22 functionals and def2-

TZVPP basis set, although further calculations were carried out with the optimized geometry 

obtained from the TPSSh/def2-TZVP optimization. Coordinates of optimized compounds along 

with their energies (in Hartree) are reported. All geometry optimizations were performed using 

tight convergence thresholds for the energy (10-6 Eh) and maximum value of the energy nuclear 

gradient (3 x 10-4 Eh/a0).23. Multireference calculations were performed using the complete 

active space self-consistent field (CASSCF) method.24,25 In all CASSCF computations, the 

def2-TZVP basis set was used. For the initial reference CASSCF wavefunction of [Cl3FeNO]− 

an active space of 9 electrons in 13 orbitals was used, for [Cl3CuNO]−, an active space of 10 

electrons in 13 orbitals, and Cl3FeNO, an active space of 6 electrons in 13 orbitals. After 

CASSCF computations, a valence-bond like interpretation of the wavefunction was performed 

on each complex to qualitatively determine the contributions of different resonance structures, 

i.e. Fe(III)-NO−, Fe(II)-NO•. To this end, a localization of the CASSCF natural orbitals was 

done, followed by a CAS-CI expansion of the wavefunction. Only CSF’s with a coefficient 

larger than 0.01 were included in these analyses, which reproduced about 95% of the total CAS 

wavefunction in each case. The localization procedure (using the Cholesky algorithm)26 was 

only performed on orbitals with a significant contribution from both NO and the metal. In most 

cases this was the combination of metal 3dxz,yz,z2 orbitals with NO πx,y*. The resulting localized 

orbitals became either majority metal-based or NO-based, and it is important to note that the 

usage of these orbitals in the CAS-CI expansion of the wave function did not change the overall 

CAS wave function, only simplified the intuitive, qualitative interpretation in terms of valence-

bond, resonance-like interpretations. Configurations with sufficiently high coefficients (larger 

than 0.1%), were classified into one of three major resonance structures, Mn+1−NO−, Mn−NO•, 

or Mn-1−NO+. Coefficients corresponding to the same resonance structure were added together 

to produce the amount each contributed to the overall ground state. 
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Calculated spectra for [Cl3Fe(SMe)]− by TD-DFT 

I. TPSSh/def2-TZVP Optimized structure (in XYZ format, Å) 

Energy = -3082.937579517106 

Fe       0.026996000      0.000075000      0.001670000 

Cl       1.791985000      0.468617000     -1.304033000 

Cl      -0.430506000      1.692784000      1.375345000 

Cl      -1.717617000     -0.505990000     -1.311550000 

S       0.491675000     -1.779620000      1.310019000 

C        0.693508000     -3.144655000      0.108058000 

H       -0.210690000     -3.251869000     -0.490647000 

H        1.545346000     -2.948627000     -0.542927000 

H        0.869291000     -4.060550000      0.672950000 

[Cl3FeNO]− (S = 3/2) electronic structure calculations  

II. BP86/def2-TZVP Optimized structure (in XYZ format, Å) 

Energy = -2774.999359741336 

Fe       0.000713000      0.000559000     -0.018025000 

Cl      -0.683093000      2.011583000     -0.753112000 

Cl      -1.393497000     -1.599966000     -0.758218000 

Cl       2.089574000     -0.408781000     -0.740276000 

O       0.015793000      0.000144000      2.863216000 

N       -0.000039000      0.000182000      1.684604000 

 

CASSCF(9,13)/def2-TZVP calculation results 

Energy = -2770.6109816645 

 

 

III. Contour plots of the occupied active orbitals (with occupation numbers) resulting from 

CASSCF(9,13). External (unoccupied) active orbitals are omitted. 

 

Figure S27. TD-DFT absorption spectrum of [Cl3Fe(SMe)]−. TPSSh/def2-TZVP (red) with 

optimized geometry from the same functional/basis set. These calculated spectra are 

overlaid with the experimental data of the brown intermediate formed in the reaction 

between [Cl6FeII
2]2− and Ph3CSNO (Figure S7).  
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IV. Pipek-Mezey localization of covalent Fe 3d−NOπ* orbitals 
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V. Leading configurationsa,b in the basis of localized Fe 3d−NOπ* (Energy of recalculated 

wavefunction = -2770.6109816778 Eh) 

 

Fe dxz Fe dyz Fe dx2-y2 Fe dxy Fe dz2 NO px NO py Character Weight 

up up up up up down down Fe(III)−NO− 46.349% 

2 up up up up 0 down Fe(II)−NO• 15.880% 

up 2 up up up down 0 Fe(II)−NO• 15.742% 

aAdditional CSFs with smaller coefficients corresponding to the same Fe−NO interactions were added 

together to arrive at the final weights of each electronic configuration. 

bThe Fe-NO σ bonding orbital is omitted from this table, as the occupation consistently remained 2. 

 

VI. Final weights of the contribution of each resonance structure in [Cl3FeNO]− 

Character Weight 

Fe(IV)−NO2− 0.804 % 

Fe(III)−NO− 51.942 % 

Fe(II)−NO• 39.987 % 

Fe(I)−NO+ 2.003 % 

others 5.264 % 



S29 

 

 

[Cl3CuNO]− (S = 1/2) electronic structure calculations 

I. BP86/def2-TZVP Optimized structure (in XYZ format, Å) 

Energy = −3151.776633291106 

Cu      -0.004659000      0.000000000     -0.005801000 

Cl       0.570032000     -2.159543000      0.249660000 

Cl      -2.214884000      0.000000000     -0.315269000 

Cl       0.570032000      2.159543000      0.249660000 

N        2.012279000      0.000000000      0.099010000 

O        2.602220000      0.000000000     -0.903483000 

 

CASSCF(10,13)/def2-TZVP Calculation results 

Energy = -3147.1628378855 

 

II. Contour plots of the occupied active orbitals (with occupation numbers) resulting from 

CASSCF(10,13). External (unoccupied) active orbitals are omitted. 
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III. Pipek-Mezey localization of covalent Cu−NO orbitals 

 

IV. Leading CAS-CI configurationsa in the basis of localized Cu 3d−NO 

 

 Cu dxz Cu dyz Cu dx2-y2 Cu dxy Cu dz2 NO π*x NO π*y Character Weight 

2 2 up 2 2 down 0 Cu(II)−NO• 86.374% 

2 2 2 2 2 0 0 Cu(I)−NO+ 9.650% 

2 2 2 2 0 2 0 Cu(III)−NO− 1.1165% 

aThere were no additional CSF’s to add in the Cu-NO case 

 

V. Final weights of each electronic configuration for [Cl3CuNO]− 

Character Weight 

Cu(III)−NO− 1.1165% 

Cu(II)−NO• 86.374% 

Cu(I)−NO+ 9.650% 

others 2.8595% 

Cl3FeIIINO (S = 2) electronic structure calculations 

 

I. TPSSh/def2-TZVP Optimized Structure (in XYZ format, Å) 

 

Energy = -2774.553148464734 

Fe      11.614799000      9.074563000     13.987725000 

Cl      13.486452000      9.885622000     13.239533000 
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Cl      10.555486000     10.064671000     15.604176000 

Cl      10.401116000      7.980873000     12.574742000 

O       12.516805000      6.460939000     14.830414000 

N       12.517340000      7.576332000     15.048410000 

 

II. CASSCF(6,13)/def2-TZVP calculation results 

Energy = -2770.462644901734 

 

III. Contour plots of the occupied active orbitals (with occupation numbers) resulting from 

CASSCF(6,13). 
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IV. Pipek-Mezey localization of covalent Fe 3d−NO σ/σ* orbitals 

 

 

V. Leading CAS-CI configurationsa in the basis of localized Fe 3d−NO σ/σ* 

 

 Fe dz2 Fe dxz Fe dyz Fe dx2-y2 Fe dxy NO π*x Character Weight 

up up up up up down Fe(III)−NO• 93.161% 

2 up up up up 0 Fe(II)−NO+ 4.640% 

aAdditional CSFs corresponding to the same Fe−NO interactions were added together to arrive at the 

final weights of each electronic configuration. 

 

VI. Final weights of each electronic configuration for Cl3FeIIINO 

Character Weight 

Fe(III)−NO• 93.161% 

Fe(II)−NO+ 4.640% 

Fe(IV)−NO− 0.257% 

Others 1.942% 
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